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Recent progress in laser-based high-repetition rate extreme ultraviolet (EUV) lightsources and multidimensional pho-
toelectron spectroscopy enable the build-up of a new generation of time-resolved photoemission experiments. Here, we
present a setup for time-resolved momentum microscopy driven by a 1 MHz femtosecond EUV table-top light source
optimized for the generation of 26.5 eV photons. The setup provides simultaneous access to the temporal evolution
of the photoelectron´s kinetic energy and in-plane momentum. We discuss opportunities and limitations of our new
experiment based on a series of static and time-resolved measurements on graphene.
I. INTRODUCTION
Full spectroscopic information on the electronic band struc-
ture of a solid-state material requires the measurement of
multiple observables. In a photoemission experiment, the
photoelectron’s energy, momentum, and spin are desirable
quantities.1 Novel surface science tools, termed momentum
microscopes (MM), can provide simultaneous access to these
quantities.2–5 In first experiments, MM has been applied to
band mapping of various material systems and complex ad-
sorbate structures.6–10 In selected examples, it has been shown
that the combination of time-of-flight momentum microscopy
with femtosecond pump-probe spectroscopy enables the col-
lection of multidimensional data sets describing the ultra-
fast non-equilibrium dynamics of the material under strong
illumination.11,12 An example for the ultrafast evolution of
such three-dimensional data stacks containing energy, and in-
plane-momentum information is shown in Fig. 1.
Time-resolved momentum microscopy (TR-MM) has re-
cently been demonstrated as an impressive tool to map hot
charge-carrier dynamics in momentum space after excitation
by the frequency-doubled output of a titanium-sapphire laser
operating at 80 MHz.11 However, the accessible range of in-
plane momenta, kx,y, is fairly limited in this experiment due
to the use of light pulses in the visible range of the spectrum.
The accessible momentum range is given by
kx,y
(
A˚−1
)
= 0.514
√
Ekin (eV)
= 0.514
√
h¯ω (eV)−φ (eV)−EB (eV),
(1)
in which Ekin is the photoelectron kinetic energy, h¯ω the pho-
ton energy, φ the material work function and EB the bind-
ing energy.1 In order to explore the material’s whole Brillouin
zone, the kinetic energy of the photoelectrons needs to be in-
creased, for example through the use of extreme ultraviolet
(EUV) photons with energies between 10 and 124 eV.13,14 For
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TR-MM, free electron lasers (FELs) and high-harmonic gen-
eration (HHG) are promising EUV light sources, which offer
ultrashort femtosecond or even attosecond EUV pulses.15–21
In photoemission experiments with a pulsed excitation
source, a high repetition rate of the driving laser is de-
sired to maximize counting statistics. Early time-resolved
optical-pump—EUV-probe photoemission experiments, how-
ever, have been limited by the low (kilohertz) repetition rate of
available laser amplifier systems.13,22–37 Here, the large num-
ber of photoemitted electrons per pulse could lead to signal
distortions due to space charge effects.38–41 Avoiding these
has so far hindered satisfactory counting statistics at manage-
able measurement duration. Recent developments of fem-
tosecond laser technology and table-top HHG sources have
made EUV sources operating at MHz-level repetition rates
widely available,42–45 which are particularly promising for
time-resolved photoemission spectroscopy.46–49
In this article, we present the powerful combination of a
table-top HHG beamline driven by a fiber laser system, and a
flexible pump beamline, all operating at the exceptional rep-
etition rate of 1 MHz, with a momentum microscope end-
station guaranteeing simultaneous detection of energy- and
in-plane-momentum-resolved photoemission data. In a time-
resolved optical pump - EUV probe configuration, the fem-
tosecond time evolution of non-equilibrium charge carrier and
band renormalization dynamics can be followed with unprece-
dented information depth in the full Brillouin zone. Here, we
will demonstrate the capabilities of this novel system based
on exemplary measurements on monolayer graphene.
II. THE FEMTOSECOND 1 MHZ EUV BEAMLINE
An ideal light source for time-resolved momentum mi-
croscopy has to fulfill several key requirements with respect
to the photon energy, intensity, repetition rate, pulse width and
spectral bandwidth. The photon energy should be at least in
the EUV regime in order to access the full Brillouin zone of
the electronic band structure (see equation 1). For a maximal
detection rate of a time-of-flight detector with minimal distor-
tions due to space-charge effects, a MHz repetition rate light
source with a moderate number of photons per pulse is desir-
able. Also, time-resolution and spectral bandwidth, which are
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FIG. 1. Energy- and in-plane-momentum resolved photoemission data showing the electron dynamics at the K-point of graphene upon il-
lumination by an infrared femtosecond laser pulse. (a) Resonant driving with IR photons (red arrow) promotes electrons into the former
unoccupied part of the Dirac cone of n-doped graphene; the hot charge carrier distribution is probed by the EUV pulse (blue arrow). (b)
Three-dimensional data stacks illustrating the photoemission yield (color-coded) as a function of energy and in-plane momentum. From left to
right, the pump-probe delay ∆t is increased; the gray-shaded plane indicates the Fermi energy. In temporal overlap, photoemission side-bands
and hot charge carriers above the Fermi energy are clearly resolved. With increasing delay, the side-bands vanish and the hot charge-carrier
distribution thermalizes.
connected via the time-bandwidth product, need to be adapted
to the envisaged experiments. The light source should also
provide synchronized pump pulses with tunable wavelength,
pulse duration and intensity. In this section, we describe such
a beamline based on a table-top, high repetition-rate fiber am-
plifier laser.
A. High harmonic generation and EUV monochromatization
Figure 2 shows a scheme of the experimental realization of
the EUV light source together with the photoemission end-
station. We use an ytterbium-doped fiber amplifier (Active
Fiber Systems) which delivers 100 µJ pulses at a repetition
rate of 1 MHz with a pulse length of approximately 250-
300 fs. These pulses are spectrally broadened through self-
phase modulation in a 1 m hollow-core fiber filled with 12 bar
krypton gas and compressed with a pair of chirped mirrors
resulting in a pulse duration of ∼35-40 fs at 50 µJ pulse
energy.50,51
The compressed pulses are frequency-doubled to 515 nm
(10 µJ pulse energy) before being focused in an argon gas jet
to generate high harmonics.52 Considering the high repetition
rate of 1 MHz and the resulting low pulse energies, we gen-
erate HHG in the tight-focusing regime with a 75 mm focal
length lens.42,53 The resulting focal spot measures 12 µm full-
width at half maximum. The pulse duration is measured by
intensity autocorrelation to be 65 fs (Gaussian), mainly due to
dispersion in the thin lens and the entrance window. This cor-
responds to a peak intensity of 5 · 1013 W cm-2 in the focus.
The gas jet is mounted on a high precision 3-axes position
system to optimize the gas jet position relative to the laser fo-
cus. We observe efficient HHG at an argon backing pressure
of 2 bar for a gas nozzle diameter of 100 µm. The gas noz-
zle is placed 150 µm behind the laser focus where a dominant
contribution from the short HHG trajectory is expected.42 The
acceptance angle of the systems corresponds to a full-angle di-
vergence of 20 mrad whereas the EUV divergence is slightly
higher. In order to limit reabsorption of the generated EUV
light, we pump the system with turbomolecular pumps backed
by a multi-stage root pump. The resulting pressure with ar-
gon gas load in the EUV generation and monochromatiza-
tion chambers, which are separated by a differential pumping
stage, is 2 ·10−3 mbar and 5 ·10−5 mbar, respectively.
The HHG spectrum shown in Fig. 3 is measured by plac-
ing a gold mirror into the beam path just before the mul-
tilayer mirrors. Our home-built spectrometer consists of a
toroidal mirror, a 500 lines/mm grating mounted in the off-
axis geometry54 and an EUV CCD camera. We generate har-
monics between 20 and 32 eV, separated by 4.8 eV – twice the
photon energy of the HHG pump beam. The 11th harmonic at
26.5 eV has a bandwidth of 140 meV for the above specified
parameters of the HHG pump pulses, which corresponds to
a relative bandwidth of ∆E/E = 5.3 · 10−3. Correcting for the
CCD efficiency, spectrometer and filter transmission, we es-
timate an average generated power of 11.5 µW for the 11th
harmonic. This corresponds to 2.7 · 1012 generated photons
per second and a conversion efficiency of 1.5 ·10−6.
The EUV light is separated from the HHG driver by a pair
of so-called grazing incidence plates (GIP),55 which consist
of a fused-silica substrate with an anti-reflection coating for
515 nm and a top-layer of SiO2. This allows for high reflec-
tion of the high harmonics (50% for 26.5 eV) at a grazing in-
cidence angle of 10° with simultaneous high transmission for
the HHG driver. In order to avoid overlapping photoemission
spectra excited by neighboring high harmonics, the selection
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FIG. 2. Schematic layout of the experimental setup consisting of the 1 MHz EUV beamline, the pump line and the momentum microscope. A
detailed description is given in Sec. II and III A.
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FIG. 3. Normalized high harmonic spectrum generated in an argon
gas jet with a 10 µJ, 515 nm driver operating at 1 MHz. The 11th
harmonic at 26.5 eV with a bandwidth of 140 meV is used for pho-
toemission spectroscopy in the MM.
of one single harmonic is necessary. This is achieved using
a double mirror monochromator with two multilayer mirrors
(optiX fab GmbH), which reflect the 11th harmonic around
46.6 nm in a 5 nm bandwidth. This configuration preserves the
pulse duration, in contrast to single-grating monochromatiza-
tion schemes which suffer from spatial chirp. The monochro-
mator has a total transmission of 9% at 5° angle of incidence
on the mirrors. We measured an extinction ratio of ∼1:470
with respect to the 13th harmonic.
We note that the reflectance and thereby also the mono-
chromatization properties of these mirrors are altered by
carbon contamination, which is a well-known problem for
EUV and X-ray beamlines.56,57 Regular ozone cleaning with
the help of an UV lamp avoids the reduction of the EUV
flux.58 The last multilayer mirror has a radius of curvature
of 1200 mm and is positioned such that the EUV beam is
focused onto the sample in the momentum microscope. A
200 nm thick, free-standing aluminum foil is used to block
residual light from the fundamental beam and has a measured
transmission of 12% for the 11th harmonic, limited by thin
oxidation layers on the aluminum surface. The aluminum foil
is mounted in a vacuum valve, thereby separating the ultra-
high, < 5 ·10−10 mbar vacuum in the momentum microscope
from the high vacuum in the preceding chambers. In total,
we expect 0.3% of the generated 26.5 eV photons to reach
the sample in the momentum microscope resulting in 8.5 ·103
photons per pulse at the sample. We note that other schemes
of the monochromatization, e.g. with metal filters only,52 can
be considerably more efficient. However, the generated flux
with our beamline is more than sufficient to photoemit > 1
electron/pulse, which corresponds to the limit of the detection
rate of our time-of-flight-based momentum microscope.
B. A versatile pump beamline
A versatile pump beamline with tunable wavelength, pulse
duration, polarization, and intensity enables pump-probe pho-
toelectron spectroscopy on a wide range of sample systems,
addressing, for example, resonant transitions in many differ-
ent materials. We derive the pump pulses from the fiber laser
system using a 90:10 beam splitter, positioned after the non-
linear pulse compression. The 90% output is used for HHG
as described above in section II A. The residual 10% is guided
around the EUV generation and monochromatization cham-
bers onto a delay stage to control the relative pump-probe tim-
ing. An attenuator and a λ/2 waveplate in the pump beamline
allow for manipulation of the polarization and beam inten-
sity. Different pump wavelengths can be achieved through
various nonlinear frequency conversion stages that can be in-
serted in the beamline. This provides intense, femtosecond
pump pulses at the fundamental wavelength (1030 nm) and its
higher harmonics (515 nm, 343 nm, 258 nm). Furthermore, a
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part of the uncompressed, 300 fs laser pulses can be split off
to pump an optical parametric amplifier (OPA, Orpheus-F/HP
from Light Conversion). This enables us to excite at wave-
lengths ranging from 310 nm up to 16 µm. We note that in the
current setup, for efficient usage of the OPA, the fiber laser
has to be operated at 500 kHz. After the aluminium filter, the
pump beam is coupled into the MM by a mirror positioned
such that the angle of the pump beam with respect to the EUV
beamline is less than 1° (Fig. 2). This prevents loss of tem-
poral resolution due to non-collinear pump and probe beams,
and ensures optimal time-resolution limited only by the indi-
vidual pulse durations.
III. THE PHOTOELECTRON MOMENTUM
MICROSCOPE
In this section, we provide a general description of the sur-
face science endstation. Subsequently, we characterize the
capabilities of the beamline for static band mapping, as well
as real-time monitoring of photo-induced non-equilibrium dy-
namics.
A. Surface Science endstation
The outstanding potential of time-of-flight momentum
microscopy lies in the simultaneous detection of three-
dimensional data sets containing energy- and in-plane-
momentum-resolved information on the detected photoelec-
trons. The general working principle of our time-of-flight
momentum microscope (METIS, Surface Concept GmbH) is
described in Ref. 7. In short, electrons emitted from the sur-
face region are collected by an electrostatic lens (extractor)
with a voltage of up to 29 kV. This enables the collection of
photoelectrons with emission angles of up to ±90◦ for pho-
toelectron kinetic energies up to 70 eV, maximizing the ac-
cessible in-plane momentum range in a single measurement
without the need to rotate the sample. Subsequently, a com-
pound lens system maps the momentum-resolved photoelec-
tron distribution obtained in the back focal plane of the ob-
jective lens through a time-of-flight drift tube onto a position-
and time-sensitive delay-line-detector (DLD4040 R2.55, Sur-
face Concept). While the in-plane momentum information is
obtained by the two-dimensional point of impact, the energy
information is measured by the moment of incidence onto the
detector.59 Thus, by limiting the detection to one photoelec-
tron per excitation light pulse, for each individual detected
photoelectron full (E,kx,ky)-information can be stored into a
3D histogram. Such a complete measurement allows for ex-
tensive post-processing, such as the correction of timing jit-
ter, pulse energy, or other pulse-to-pulse variations. However,
we note that in contrast to measurements at FELs, such major
post-processing is not necessary in our case due to the stability
of the light source. A useful example for the calibration and
post-processing of the raw measurement data is summarized
in Ref. 9.
The specimen is mounted onto a motorized hexapod for
alignment with respect to the electrostatic lens system of the
microscope. A continuous-flow cryostat is integrated into the
hexapod to facilitate cooling of the sample to below 20 K.
The EUV and pump beams are directed onto the sample at a
grazing incidence angle of 22◦.
Multiple samples can be stored in a separate preparation
chamber that is equipped with a wide range of surface science
tools for specimen preparation and characterization, including
sputtering and annealing, evaporators, and low energy elec-
tron diffraction. The preparation chamber is also equipped
with a load lock for fast sample exchange.
B. Static Momentum Microscopy
The EUV beamline combined with the MM is a versa-
tile tool for mapping the equilibrium band structure of solid
state materials as it enables the simultaneous measurement
of (E, kx, ky)-resolved photoelectron distributions. Very high
energy- and momentum-resolution better than <15 meV and
<0.01 Å-1 have already been achieved using a hemisphere-
based momentum microscope in combination with a helium-
discharge light source5 (note that the same electrostatic lens
system is used in our setup in combination with a time-of-
flight detector). In this work, the momentum and energy res-
olution is limited by the bandwidth of the photoemission light
source, the precise settings of the electrostatic optics, and the
used drift energy. In our case, we will provide an estimate of
the energy-resolution of our setup in operation at the end of
this section.
We performed exemplary measurements on an n-doped
graphene monolayer on a 4H-SiC (0001) substrate (10 mm x
5 mm), which was prepared by the polymer-assisted sublima-
tion growth technique60,61 and cleaned by subsequent heat-
ing cycles up to 600 K in ultra-high vacuum. Fig. 4 shows
band mapping data from photoemission with 26.5 eV photons
to illustrate the overall performance of the setup. Satisfying
signal quality within the full (E, kx, ky)-stack is achieved in
an integration time of 15 min when the experiment is car-
ried out at 1 MHz repetition rate in p-polarized excitation
geometry. The bottom-left plot shows a (kx, ky)-resolved en-
ergy slice taken at E −EF =2.1 eV; the first Brillouin zone
of graphene can be identified by the observation of six Dirac
cones at the K and K’ points, for which the so-called dark
corridor is clearly resolved.62,63 From the (E, kx, ky)-resolved
data stacks, arbitrary cuts in the (E, kx)- and (E, ky)-directions
can be extracted; Fig. 4 (b,c) shows such cuts along the K-K’
and K’-K’ directions. The data in Fig. 4 has been corrected
for distortions arising from the electrostatic lens system. This
is achieved using a set of stretching and shearing matrices
which optimize the known hexagonal symmetry of the Dirac
points.9 The plane of incidence of the p-polarized EUV beam
is aligned along the horizontal axis of the microscope, but 10°
off with respect to the Γ-K direction of the graphene sam-
ple; this twist between detector-coordinates and Γ-K is post-
corrected in the data shown in Fig. 4. The distortion-corrected
band structure agrees well with the band structure predicted
by a tight-binding calculation.64 The presented analysis high-
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FIG. 4. Static photoemission spectroscopy at room temperature with
26.5 eV photons showing the band structure of n-doped graphene.
(a) Photoelectron momentum distribution at E −EF =2.1 eV. (b,c)
Selected cuts through the 3D data in (E,kx) and (E,ky) direction. (d)
Measurement with higher MM magnification settings and focus on a
single Dirac Cone, showing the dark corridor to the right.
lights that the MM in operation with the table-top pulsed EUV
beamline is well suited for band mapping.
For MM studies that concentrate on smaller in-plane mo-
mentum regions, counting statistics can be significantly im-
proved by changing the electrostatic lens system such that
only the desired region of interest is mapped onto the detec-
tor. This allows for an increase of EUV flux while staying
below the detection limit of the delayline detector, effectively
measuring more photoelectrons in a reduced region of interest.
Fig. 4 (d) shows exemplary data for such a scenario, where the
right-most K point is mapped in a ∼ 1 x 1 A˚−2 window.
From our measurements, we estimate the energy resolution
of the setup by fitting photoelectron spectra integrated over the
full measured in-plane momentum with a Fermi-Dirac distri-
bution convolved with a Gaussian function. In our daily mea-
surement routine, we extract a FWHM of 200± 30 meV for
the Gaussian broadening. This broadening is composed of the
linewidth of the EUV light (Fig. 3) as well as the energy res-
olution of the MM, which is mainly determined by the used
drift energy in the TOF.
C. Time-resolved momentum microscopy
The experiment is designed for the study of ultrafast non-
equilibrium dynamics in the whole Brillouin zone. We
demonstrate the performance of this combined setup using
graphene as a model system. We provide a brief description
of the alignment of the optical-pump-EUV probe experiment,
and characterize the temporal resolution of the setup.
Initial alignment of the system is performed in a microscope
setting where the real-space image of the sample is projected
onto the detection plane. In such an experiment, the effec-
tive beam diameters of the 1030 nm pump and the EUV probe
pulses are determined to be 100 µm x 230 µm and 600 µm
x 900 µm, respectively. The elliptical shapes arise due to
oblique angle-of-incidence of the beams combined with astig-
matism in the EUV beamline. The real-space mapping then
allows the convenient optimization of the spatial overlap of
the pump and EUV beams. Within the microscope, further-
more, a field aperture can be placed into the real-space image
to isolate a region where spatial overlap of the pump and probe
beams is guaranteed. Temporal overlap of the infrared pump
and EUV probe beams can be optimized in a two-step pro-
cess: First, while scanning the delay between the pump and
the HHG driver beam, the multi-photon photoemission yield
is monitored and optimized for maximum count rate. Sec-
ond, temporal overlap between the pump and the EUV light
is verified by optimizing the photoelectron count rate in the
unoccupied states above EF .
In the following, we present exemplary femtosecond TR-
MM data obtained on graphene. The hot charge-carrier
dynamics of graphene, as well as of its bulk analogue
graphite, have been studied in detail using time- and angle-
resolved photoelectron spectroscopy (TR-ARPES).27,28,65–70
Typically, these experiments have been performed with hemi-
spherical electron analyzers mapping energy- and kx- or ky-
resolved photoelectron distributions onto two-dimensional
imaging detectors. Subsequent scanning of the samples az-
imuth angle provides access to (kx, ky)-resolved photoemis-
sion data (e.g. Ref. 67).
The TR-MM experiment provides simultaneous access to
the non-equilibrium dynamics occurring in the energy and
in-plane momentum dispersive pi- and pi∗-bands of graphene.
We performed TR-MM in the same in-plane momentum (kx,
ky) area as in static spectroscopy (Fig. 4), as illustrated in
Fig. 1. Fig. 5 shows selected delay-dependent (E, ky)- and
(kx, ky)-cuts through the measured data. In these experiments,
graphene was excited with the compressed output of the fiber
laser (1.2 eV, 6.5 mJ/cm2, p-polarized), and probed by a time-
delayed EUV light pulse (26.5 eV, p-polarized). Two dynam-
ical processes can be identified in the data: i) Resonant exci-
tation from the occupied into the unoccupied part of the Dirac
cone leads to a non-equilibrium distribution of hot electrons,
as indicated in the excitation diagram in Fig. 1. The thermal-
ization of the hot charge carriers can be followed in real-time.
ii) In temporal overlap of the pump and probe pulses, side-
bands spaced by one pump photon energy from the main pho-
toemission spectral feature are resolved. In the following, we
present a brief description of both processes. Thereby, we fo-
cus on the capabilities of the TR-MM experiment and point
towards related references that treat the observed phenomena.
As the ultrafast thermalization of hot charge carriers in the
Dirac cone of graphene has been studied in detail by sev-
eral groups,27,28,65–70 we do not provide a quantitative anal-
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FIG. 5. Time-resolved momentum microscopy of graphene. (a) The ARPES spectra are obtained by slicing the 3D data cube at the K point
in ky direction and integrating over 0.03 Å-1 along kx. The two dotted lines indicate the position of the momentum cuts shown in (b) and (c)
respectively. At temporal overlap (∆t = 0 fs) a clear signature of the sideband is seen, shifted in energy by the pump photon energy of 1.2 eV.
Also, the anisotropic distribution of excited charge carriers within the dirac cone63,67 and its relaxation dynamics is clearly visible.
ysis of the delay-dependent dynamics of our data at this
point. However, we give a qualitative description of the multi-
dimensional MM data for selected time delays to indicate the
experimental capabilities offered by the setup (Fig. 5): In tem-
poral overlap, photoexcitation with 1.2 eV pump pulses cre-
ates an asymmetric distribution of electrons and holes in the
Dirac cone, as defined by the pseudospin of the Dirac elec-
trons with respect to the polarization of the impinging pump
light;67 the time-dependent thermalization of these quasipar-
ticles and their underlying scattering processes can be fol-
lowed in real-time with high energy and momentum resolu-
tion. For excitation with p-polarized light, enhanced pop-
ulation of the initially unoccupied Dirac bands is localized
around kx−K ≈ 0 Å-1 (Fig. 5 (b), ∆t =0 fs). With increasing
∆t, azimuthal thermalization is observed (∆t =40 fs), leading
to a more homogeneous charge carrier distribution that subse-
quently decays by electron-phonon scattering.27
Replicated photoemission spectral features separated by the
pump photon energy from the main photoemission line are
of particular interest in the framework of light-induced band
structure engineering, also known as Floquet engineering; the
equilibrium band structure of solid state materials might be
interfered by the time-periodic driving field, potentially ma-
nipulating band curvatures and even band topology71. How-
ever, the separation of Floquet-Bloch bands from laser as-
sisted photoemission (LAPE)72 is not trivial, as has been
shown in TR-ARPES data obtained on topological insulators
at the Γ¯-point,73,74 Here, we highlight that we can resolve
these side-bands at large in-plane momenta at the edges of the
Brillouin zone with good (E, kx, ky)-resolution (Fig. 5). Such
data facilitates the separation of Floquet and LAPE contribu-
tions to these side-bands by following the routes discussed in
Refs.73,74.
At this point, we want to note that the generation of EUV
light with the second harmonic52 of the amplifier system is
advantageous for TR-MM. Although the neighbouring 9th and
13th harmonics are filtered in the EUV beamline by the mul-
tilayer mirrors, residual intensity does lead to photoelectrons
that are detected in our experiment. This results in replicas of
the main photoemission spectral features at higher energies,
spaced by 2× the driving laser frequency (not shown). For the
current setup, 0.25% of the total photoemission signal is due
to the 13th harmonic. The advantage of a higher HHG driv-
ing frequency, here the second harmonic, is therefore twofold:
it reduces the bandwidth requirement for the multilayer mir-
rors and it guarantees a maximal energetic separation of the
photoemission spectral features, facilitating background free
band mapping.52 Such considerations are especially important
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when studying side-band formation, whose comparably weak
photoemission signal might be overlapped with signal from a
neighboring harmonic.
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FIG. 6. Time-dependence of the sideband generation (blue dots),
along with the independently measured pump pulse (dashed grey
line) and a fit to the data (green line), in which a Gaussian probe
pulse is convolved with the pump pulse. This yields a probe pulse du-
ration of 21±5 fs. The inset shows the measured ARPES spectrum
at ∆t = 0 fs. The box indicates the area over which the sideband sig-
nal is integrated. Note that we carried out an additional measurement
here, where we determined and optimized the pump pulse duration
using FROG.
Finally, we make use of the sideband generation to char-
acterize the time-resolution of the TR-MM experiment. The
intensity of the sidebands, independent of their physical ori-
gin, follows the intensity of the pump laser pulse. Therefore,
we can measure the cross-correlation between the IR pump
and the EUV probe pulse by integrating the photoemission
signal from the sideband as shown in Fig. 6. The asymme-
try in the time-trace arises from weak post-pulses in the pump
pulse, which has been confirmed using a frequency-resolved
optical gating (FROG) measurement.75 The convolution of a
Gaussian probe pulse and the measured pump pulse is fitted
to the measured sideband intensity. From this a full-width at
half maximum of 21±5 fs for the EUV probe is extracted.
IV. PERSPECTIVE AND LIMITATIONS OF TR-MM
In summary, we have presented a novel setup combining
the capabilities of a momentum microscope with a table-top
HHG, and a versatile pump beamline, all operated at 1 MHz
repetition rate. We demonstrate its capabilities for static band
mapping, as well as for femtosecond time-resolved momen-
tum microscopy with access to dynamics in the full Brillouin
zone of a material.
TR-MM follows up on preceding experiments using TR-
ARPES, where typically the photoelectron energy and in-
plane momentum in one direction is measured. Momentum
microscopes combined with time-of-flight analyzers thus of-
fer new perspectives, because of their simultaneous measure-
ment of the photoelectron energy and complete in-plane mo-
mentum. However, due to the novel photoelectron detection
scheme, new challenges arise as well. In the following, we
outline the limitations and perspectives of the setup.
A. Limitations of TR-MM
Limitations of the momentum microscopy have been re-
viewed by multiple groups.2,4–8,11,12,41 Generally, the count
rate and the signal-to-noise ratio of the MM are limited by the
photoelectron detection scheme. Within the dead time of the
delay line detector (DLD), it is not possible to detect more
than one photoelectron, generally limiting the count rate to
one photoelectron per laser pulse. It has been shown that seg-
mented detectors composed of multiple DLDs can be used to
increase the count rate.12 Alternatively, it is beneficial to in-
crease the repetition rate of the excitation light source to im-
prove the count rate. However, it is necessary to also con-
sider aging of the MCP, which becomes increasingly relevant
above 106 counts per second for the used MCP in the DLD.
The typical lifetime of a state-of-the-art MCP is > 5000 h at
106 cps equally distributed. In terms of integral load on the
MCP a doubling of the repetition rate, while maintaining the
one electron per pulse regime, will thus lead to a halved life-
time. Additionally, pump-induced secondaries at small mo-
menta can lead to an inhomogeneous degradation of the MCP,
which might shorten the lifetime further. Therefore, running
our experiment at 1 MHz repetition rate with slightly less
than 1 photoemitted electron/pulse is a good trade off between
maximum electron count rate and detector lifetime. Also, for
instrument settings where all photoemitted electrons are de-
tected, single-electron counting on the DLD naturally avoids
space-charge effects, a common cause of signal distortion in
photoemission spectroscopy.38–41
The MM is designed such that each photoelectron leaving
the surface region enters the electrostatic lens system. While
this is desirable in order to measure the full width of the pho-
toemission horizon, it as well intrinsically limits the signal-
to-noise ratio if only a narrow (E, kx, ky)-region is of interest
in the experiment; the maximum accessible 106 cps are dis-
tributed over a larger energy and in-plane momentum region.
The effective useful count rate can be improved by aligning
the microscope such that only the desired momentum region
is projected onto the MCP, as done for our measurement of
the K-point of graphene in Fig. 4 (b). Complementary, the ap-
plication of an energy barrier in the electrostatic lens system
can block photoelectrons with low kinetic energies before they
enter the time-of-flight detector.6 In these scenarios, however,
space-charge effects may arise due to the increased photoelec-
tron density at the sample and in the electrostatic lens system
up to the filtering mechanism.
Signal distortions due to space-charge effects become even
more serious when the pump pulses lead to significant pho-
toemission. This is most-relevant with infrared to visible fre-
quencies at higher pump fluences, where only a few photons
are necessary to overcome the work function and lead to ad-
ditional photoemitted electrons. Photoelectrons thus gener-
ated via the process of multi-photon photoemission,72,76 being
possibly plasmonically enhanced,77,78 contribute to the over-
all count rate, limiting the effectively useful count rate in the
region of interest. Furthermore, electrons emitted via sec-
ondary scattering processes or by field emission due to the
large extractor voltage can give strong background signals.
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Those photoelectrons are typically localized at small kinetic
energies and in-plane momenta and might be suppressed by
placing apertures or high-pass filters, as discussed above.
Similarly, it is possible to select a different high harmonic to
optimize the useful count rate. The MM collects all photoelec-
trons within the photoemission horizon, as defined by Eq. 1.
Thus, by reducing the EUV energy, the counts are distributed
over a smaller energy-momentum volume, facilitating an in-
creased signal-to-noise ratio for the desired region of interest.
For example, when considering an imaginary sample with a
(E, kx, ky)-independent flat density of states, non-dispersive
bands in k⊥-direction, and a h¯ω-independent dipole matrix
element, photoexcitation with the 9th harmonic compared to
the 11th harmonic would distribute the count rate over a 43%
smaller overall (E, kx, ky)-volume due to a smaller photoemis-
sion horizon. Note of course, that still the EUV energy has to
be chosen sufficiently high to reach the in-plane momentum
of the spectroscopic feature.
In pump-probe spectroscopy, it is commonly assumed that
the probed system returns to the ground state well before the
next pair of pump and probe pulses arrive to the sample. With
increasing repetition rate of the experiment, it becomes more
important to validate that assumption. In our experiments
on graphene, the charge-carrier dynamics is reversible when
driven at 1 MHz. However, we observe a significant heating
of the sample due to the average incident power of the pump
pulses used for the excitation of the sample. This is detected
using a temperature sensor which is incorporated in the cop-
per heatsink on which the sample is mounted, meaning that
the measured 60°C increase is most likely an underestimate
of the real temperature at the active surface area for our set-
tings. Depending on the sample under investigation, it might
therefore be necessary to reduce the pump-induced heating
via a reduction of the experiment´s repetition rate at the cost
of increased measurement time.
B. Perspectives of TR-MM
The momentum microscope combined with a high-
repetition rate EUV light source and a versatile pump beam-
line is a promising instrument to study the non-equilibrium
dynamics of solid-state materials on the few-femtosecond to
picosecond time scale.The simultaneous collection of (E, kx,
ky)-resolved data stacks for each time step ∆t provides full
information on the ultrafast non-equilibrium dynamics within
one experiment. Vice-versa, the usage of hemispherical ana-
lyzers requires a stepwise collection of the full information on
(E, kx, ky). However, with hemispherical analyzers, a better
signal/noise ratio can be achieved for a reduced (E,kx,y) cut
and comparable integration times.
Furthermore, we would like to point out additional possi-
bilities offered by the momentum microscope. As the MM
offers a real-space mode similar to a photoemission electron
microscope (PEEM), it is possible to place apertures in the
real-space image. This enables the measurement of photo-
electron spectroscopy data from microscopic regions on the
surface.79 Such experiments are useful for samples that are
only available in microscopic sizes, such as stacked (twisted)
transition metal dichalcogenides or graphene.80,81 Conversely,
it is also possible to place apertures in the Fourier-plane in or-
der to record real-space microscopy images at specific pho-
toelecton momenta. This brings dark-field imaging capabili-
ties to photoelectron microscopy. Additionally, the real-space
imaging combined with the TOF allows energy-filtered detec-
tion of real-space images. In a pump-probe approach, such ex-
periments might be used to observe charge transfer processes
across interfaces in real-time.82
Finally, the combination of the time-of-flight momentum
microscope with an imaging spin-filter allows for efficient and
simultaneous detection of multi-dimensional spin-resolved
data sets.4,83,84 In an optical-pump - EUV-probe excitation
scheme31,85,86, the simultaneous access to ultrafast energy-
momentum-spin-resolved charge carrier dynamics is within
reach.
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